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ABSTRACT

This paper describes the addition of programmable vibro-
tactile feedback to the T-Stick digital musical instrument
(DMI). The additional feedback channel was used in two
competing implementations. The first method mapped
DMI sensor data directly to vibration feedback control
parameters, in an effort to help the performer navigate
the multidimensional sound parameter-space already im-
plemented for the T-Stick. The second method instead
created a haptic illusion in order to convince the per-
former that the DMI exhibits physical dynamics that it
does not in fact possess, specifically to reinforce interac-
tion metaphors already designed for the device.

1. INTRODUCTION

The term digital musical instrument (or DMI) is generally
used to describe musical instruments in which the control
interface and sound synthesis functions are physically sep-
arable, and which involve the transmission of digital con-
trol data from one to the other. Performer actions are usu-
ally detected and measured using a variety of sensing tech-
nologies, sampled and processed before being mapped to
the control of some physical model or sound synthesis pa-
rameter. In addition to sound, non-audio feedback chan-
nels may be generated by software and sent back to the
performer via their interface. This feedback typically in-
cludes visual indications of the system state displayed on a
computer monitor, but may also include other modalities.

It is generally accepted as fact that performers of
traditional musical instruments receive important feed-
back from their instruments through the sense of touch
[5, 6, 12]. The kinesthetic part of this information is gen-
erally preserved for performers of digital musical instru-
ments (DMIs) – even contact-less musical interfaces such
as the theremin make important use of the performer’s
sense of ego-location. Vibrations transfered from instru-
ment to performer, however, are usually missing when
performing with DMIs, since the user interface is typi-
cally separated from the sound production machinery and
thus does not vibrate acoustically.
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Various approaches have been taken by researchers and
instrument builders to reintroduce vibration feedback to
digital musical instruments. This paper describes the ad-
dition of vibration feedback to an existing DMI design –
the T-Stick [7, 8]. Issues and implications of this addition
for mapping and user-interaction are discussed, and future
directions for continued research established.

2. BACKGROUND

2.1. Examples of Vibration Feedback in DMIs

Bert Bongers has made use of several actuator technolo-
gies for providing vibrotactile feedback in DMIs [2, 3, 4].
Versions of the Tactile Ring, using solenoids and loud-
speakers, have been used for playing various “In-Space”
instruments including gloves and the LaserBass.

Rovan and Hayward also designed and used ring-based
actuators, in addition to stronger, foot-sensed vibrotac-
tile actuators, to improve feedback when playing open-air
musical controllers [13]. Their software, VR/TX, gener-
ates tactile stimulation events according to input from the
open-air Dimension Beam controller.

Marshall [11] took the approach of reintegrating con-
trol surface and sound production: by including ampli-
fiers and speakers in his Viblotar and Vibloslide, the user
is exposed to vibrations inherently linked to the sound
produced. It is notable that while this approach emulates
traditional acoustic instruments, it does not allow supple-
mentary feedback to be transmitted inaudibly.

Birnbaum designed and constructed the Tactilicious
Flute Display, an interface for tactile display resembling
an end-blown flute [1]. He also implemented a Max/MSP
software package for extracting perceptual features of
Break-Beat audio and performing signal transformations
to make the features perceptible to the fingertips. This
software is designed to drive small voice-coil actuators,
but has also been adapted for experiments with other actu-
ator types, including electric motors loaded with eccentric
masses as used in “rumble packs” for video game con-
trollers.



Table 1. Comparison of T-Stick characteristics, from [7].

Register Length Diameter Touch Touch
Sensors Resolution

soprano 0.6m 5cm 48 1.27cm
alto 0.8m 5cm 32 2.54cm

tenor 1.2m 5cm 48 2.54cm
bass 1.8m 11.5cm 96 1.27cm

2.2. The T-Stick DMI

The T-Sticks are a family of pipe-shaped digital musical
instruments, designed as part of a Masters thesis project
[7] and as one of the instruments used for the McGill Dig-
ital Orchestra DMI ensemble 1 . The T-Sticks have been
performed and demonstrated numerous times for concerts,
conferences, classes, and laboratory tours.

Each T-Stick is based on a structural support of hollow
ABS plastic pipe to which sensors are attached or embed-
ded. Each is able to sense where and how much of its sur-
face is touched using Quantum Research QT161 discrete
capacitive touch sensors and an array of thin copper strips
as sense electrodes. For detecting tilt, shaking, spinning,
and rotation, an STMicroelectronics LIS3L02AS4 3-axis
+/-2g/+/-6g linear accelerometer IC (set to +/-2g sensitiv-
ity) is included at each end of the controller. One or two
long pressure sensors (depending on the T-stick member)
are used to detect squeezing, and a piezoelectric trans-
ducer bonded to the structural ABS plastic detects tapping,
bending, and twisting of the interface.

Currently three of the physical interfaces have been
constructed: a soprano, alto, and tenor, at 1.2m, 0.8m, and
0.6m long, respectively (see table 1). The tenor instrument
has already been performed five times in public concerts
and recitals, and by three different performers. Two more
T-Sticks are scheduled to be constructed before the end of
2007.

Depending on the model, the T-Sticks connect to a
computer either as a serial device over USB, Bluetooth, or
as an HID input device, and communicate with the dedi-
cated software at or above 100Hz.

The T-Sticks were conceived as devices with a spe-
cific interaction metaphor [14]. From the design docu-
mentation: “Interaction with the DMI should be struc-
tured as control over a metaphorical vibrating string or
bar which can be excited using multiple techniques (strik-
ing, bowing, shaking) and damped with nuance. Excita-
tion of sound should require physical energy expenditure
by the performer.” The addition of real vibrotactile feed-
back to the metaphorically vibrating object would seem to
be a natural choice, since the pre-existing mapping model
could already generate most of the information to be en-
coded in the vibration channel.

1 http://www.music.mcgill.ca/musictech/DigitalOrchestra/

Figure 1. Screenshots from video of the tenor T-Stick
being played in concert, showing the variety of grips and
orientations used by the performer.

3. METHOD

3.1. Actuator Choice

Initial prototypes of actuated T-Sticks are intended for ex-
ploration of possible hardware configurations as well as
difference mapping strategies; as such, future T-Sticks
may be constructed with a variety of different numbers
and types of actuators. Although a hypothetical future de-
sign may include hard-coded feedback and actuators ca-
pable of only very specific responses, to allow for exper-
imentation with mapping strategies, a more flexible, gen-
eral purpose actuator is required. Specifically, the follow-
ing characteristics are desired:

• large frequency range

• large amplitude range

• high maximum amplitude

• control over phase

• good transient response

• small form-factor

Table 2 shows a comparison or different vibration ac-
tuator technologies from [11]. Using this information
and the list of desired characteristics above some actuator
types can be ruled out for use in this project. The Tactor,
for example, has a low maximum amplitude and thus is
probably unsuitable for driving the mass of the T-Stick.
Rotary electric motors, while providing appropriate max-
imum amplitudes, do not permit suitable control of phase
or independent control of frequency and amplitude, and



most solenoids are constructed so that they are either open
or closed, and thus do not allow control of amplitude.

Another actuator type, used in the MicroTactus actu-
ated probe [15] and an experiment in haptic perception
of a virtual rolling stone [16], was eventually chosen for
adding vibrotactile feedback to the T-Stick DMI. Most
importantly, it provides high maximum amplitudes, large
amplitude range, and control over phase, all in a form fac-
tor that easily fits inside the case of the T-Stick.

3.2. Actuator Construction

The actuator was constructed by hand-winding electro-
magnet wire on a purpose-build plastic sleeve featuring
2 recessed sections as seen in figure 2. The direction of
winding was reversed when passing the wire from one side
of the sleeve to the other. A cylindrical rare-earth mag-
net was suspended inside the sleeve using flexible rubber
discs. As described in [15], the actuator is constructed
such that the field lines escaping the rare earth magnet
cross the two coils at right angles, so that when current
flows in the coils, a Lorentz force develops between the
magnet and the sleeve.

Figure 2. Constructing the actuator

3.3. Integration

The actuator was encased in shrink-tubing for protection
and bonded strongly to the interior of the T-Stick using
epoxy adhesive, in order to ensure coupling between the
actuator and the instrument. It was decided to use the
same actuator orientation as that used for the MicroTactus
and the rolling-ball experiment, in which the actuator is
driven in the axis corresponding to the length of the tube.
This makes difference in placement of the actuator neg-
ligible: the stiffness of the ABS plastic pipe means that
vibrations are not noticeably damped from one end of the
pipe to the other.

The actuator was driven with audio signal generated by
software running on a laptop computer (see figure 3.3); the
signals are described in more detail in section 4.

The actuator exhibits impedance similar to that of an
audio speaker, and for this initial investigation a simple
1W 5V audio amplifier circuit was used, using a Philips
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Figure 3. The set-up used for driving the actuated T-Stick.

TDA7052 mono amplifier IC. More powerful amplifiers
may be used for future work with the actuated T-Sticks.

4. MAPPING

The pre-existing sound synthesis mapping for the T-Stick
is implemented within a flexible, easily extensible map-
ping environment [10] using Open Sound Control 2 for
communication and Max/MSP 3 for signal processing and
sound synthesis. The mapping is designed to facili-
tate practiced, skill-based interaction similar to that used
by expert performers on traditional musical instruments,
and as such relies on providing the performer continuous
signal-based audio feedback rather than discrete events
[9]. For the purposes of this initial investigation, it was
decided to create two competing implementations of vi-
brotactile feedback mapping.

4.0.1. Sign-based mapping

The first mapping approach involves the use of discrete
vibrotactile cues provided to the user/performer to help
them navigate the multidimensional sensor-and-sound pa-
rameter space implemented for the T-Stick. As an ini-
tial test of this approach, an amplitude-enveloped wave-
form was sent to the actuator, creating a “buzz” sensation
intended as a discrete cue. This was mapped to a dis-
cretized version of the controller tilt data, such that cross-
ing boundaries between discrete zones of tilt results in a
vibrotactile cue. Large zones (45◦) were used initially;
the use of much smaller zones is only limited by sampling
noise in the tilt data.

4.0.2. Signal-based mapping

The second mapping approach instead uses a simple sig-
nal model to create a haptic illusion, convincing the user
that the controller exhibits physical dynamics it does
not in fact possess. While not actually changing the

2 http://opensoundcontrol.org/
3 http://www.cycling74.com/



Table 2. Comparison of actuator types, from [11] (Used with permission).

Tactor Motor Solenoid Piezoelectric Voice coil
element

Frequency response 40–1000Hz 40–1000Hz 40–1000Hz 40–1000Hz 40–1000Hz
(over tactile range) (peak at 250Hz)

Maximum amplitude low high high high high
Amplitude range good good single value good good
Amplitude and independent dependent only frequency independent independent

frequency control
Transient response good poor good excellent excellent

Driving signal Audio signal PWM signal PWM signal Audio signal Audio signal
Typical size 3cm dia. x 0.7cm 0.6cm dia. x 1.5cm 1.5cm dia. x 2cm 2.5cm dia. x 0.3cm from 1-20cm dia.
Availability uncommon common common common common

(from manufacturer)
Typical price US$60 US$3 US$5 US$2 US$2-100

controller’s physical dynamics, haptic illusions can pro-
foundly affect the way in which the user interacts with the
device.

A signal model of a virtual rolling ball was imple-
mented in Max/MSP following the description in [16].
Since the controller already contains five channels of ac-
celeration sensing, it is simple to link this to virtual phys-
ical dynamics consistent with real-life gravity and user-
interaction. The acceleration signal is integrated to ap-
proximate velocity, and the resulting signal is used to
control the frequency of a periodic signal mimicking the
rolling of a ball of a set circumference. By varying the
scaling of acceleration data and the scaling of velocity
data, the mass and circumference of the virtual ball may
be altered. Performing waveshaping of the final signal (or
altering the stored waveform if look-up tables are used)
alters the perception of the interaction between the virtual
ball and the inside of the tube, creating the impression
that the motion is smooth or bumpy, or that the inside of
the pipe is ribbed. Integrating a second time approximates
the position of the ball; this data is used to stop the vir-
tual motion and set the velocity back to zero when the ball
reaches the end of the modeled pipe.

5. DISCUSSION AND FUTURE WORK

Both mappings were found to be subjectively effective,
meeting the described goals for their implementation, but
it was the second mapping that was most surprising. Even
lacking appropriate amplification and using somewhat
un-physical coefficients, people trying the demonstration
were convinced by the model – some would not believe
that there was actually nothing rolling inside. Observa-
tion of users showed that their gaze would often follow
the apparent position of the virtual ball, and perception of
mass distribution would change depending on which end
of the controller “contained” the virtual ball.

Integration of vibration feedback into the T-Stick DMI
has only just begun, but this initial prototype and explo-
ration has suggested some directions for investigation in

the near future:

Hardware improvements In addition to improving and
embedding the amplifier circuit used for driving the
actuator, improvements to the actuator design itself
may be made, following suggestions from the orig-
inal designers.

Mapping to excitation An obvious mapping approach
that has not yet been implemented is to make the
vibration feedback correspond to abstract “excita-
tion” metrics already calculated from disparate sen-
sor data for use in sound synthesis. This may help
the performer understand more quickly that there
are multiple ways to “excite” the instrument. As
can be seen in figure 4, excitation and damping are
calculated based on data from touch sensors, con-
tact mics, and accelerometers.

More actuator degrees-of-freedom The actuators used
for the first prototype are small enough to also fit
orthogonally inside the instrument; a future version
will contain five actuators (two at each end and one
in the middle) arranged orthogonally.

Musical performance The ultimate purpose of digital
musical instruments is of course making music: ac-
tuated versions of the T-Stick will be provided to
expert performers already working with the DMI in
the context of the McGill Digital Orchestra to deter-
mine if vibrotactile feedback helps increase “con-
trol intimacy” [14] and if mapping approaches are
successful.
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